Holes confined in quantum dots have gained considerable interest in the past few years due to their potential as spin qubits. Here we demonstrate double quantum dot devices in Ge hut wires. Low temperature transport measurements reveal Pauli spin blockade. We demonstrate electric-dipole spin resonance by applying a radio frequency electric field to one of the electrodes defining the double quantum dot. Next, we induce coherent hole spin oscillations by varying the duration of the microwave burst. Rabi oscillations with frequencies reaching 140 MHz are observed. Finally, Ramsey experiments reveal dephasing times of 130 ns. The reported results emphasize the potential of Ge as a platform for fast and scalable hole spin qubit devices.
Beside Si, also Ge has emerged as an interesting material system due to the strong and tunable spin orbit coupling [8] [9] [10] [11] good contacts to superconductors [12] [13] [14] and relatively small effective mass. Indeed, in the past few years quantum dot (QD) devices in Ge/Si core/shell nanowires, 9,15-17 self-assembled nanocrystals 13 and Ge hole gases 14 have been reported. However, no qubit has been demonstrated so far.
In this letter, we demonstrate the ability to capture holes in double quantum dots (DQD) fabricated in Ge hut wires (HWs). 18, 19 We make use of the Pauli spin blockade (PSB) 20 mechanism and the electric-dipole spin resonance (EDSR) technique in order to demonstrate the addressability of single holes. By varying the duration of the microwave burst, Rabi oscillations with frequencies higher than 100 MHz have been observed. Finally, Ramsey fringes-like measurements reveal dephasing times of 130 ns, twice the dephasing time reported for holes in Si.
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The stability diagram of a DQD device showing characteristic bias triangles is depicted in Fig. 1a with the two gate voltages V G1 and V G2 . A representative measurement of two bias triangles from a second device is shown in Fig. 1b . Due to the fairly low mutual capacitance of about 1 aF they are merged already at relatively low bias voltages. The ground state as well as several additional excited states are clearly visible. Energy level separations up to 1 meV and a relative lever arm ∆V G1 /∆V G2 = 0.7 are observed. Since the two top gates G1
and G2 are very close to the HW a relatively strong coupling is obtained, leading to alpha factors of α 1 = 0.62 and α 2 = 0.43.
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In order to realize a spin 3/2 qubit in our DQD devices we rely on Pauli spin blockade Rotating one of the spins can lift PSB. This can be achieved via the EDSR mechanism.
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An alternating current (AC) electric field applied to one of the gates of the DQD (here G1)
can cause oscillations in the position of the confined hole wave function (see Fig. 3b ). Such an oscillation in combination with a constant applied magnetic field can lead to spin rotations in systems with strong spin orbit coupling. 22 In order to induce such continuous wave spin rotations the driving frequency of the AC electric field has to be equal to the Larmor frequency f 0 = |g| µ B B/h, where g is the g-factor for a certain magnetic field orientation, By changing the direction of the magnetic field the slope of the EDSR line is changing due to the direction dependence of the g-factor. Each of the g-factor values shown in Fig. 4a was extracted from a linear fit through several points along the respective resonance line.
The g-factor values show a strong anisotropy in good agreement with earlier experimental findings for HH states.
24 EDSR does not only lift PSB, but also allows the extraction of a lower limit for the hole spin dephasing time T * 2 . In order to extract a lower bound for the dephasing time T * 2 the power of the applied radio frequency (RF) signal was varied. At high power, the EDSR width is power broadened. However, for measurements taken in an Fig. 3b for an out-of-plane magnetic field (blue squares). Below -16 dBm the width saturates at around 16 MHz. However, for an in-plane magnetic field and for a power of -14 dBm the EDSR peak width shrinks to 7.8 ± 2.3 MHz (red triangle). For lower power values the EDSR line is not any more visible. The error bars were extracted from averaging over all values obtained from Gaussian fits to the resonance peaks at the respective power.
out-of-plane magnetic field the width is saturating at values of about -18 dBm, as can be seen in Fig. 4b . Therefore, a lower bound for the dephasing time of about 33 ns can be extracted using the relation T * 2 = 2 ln(2)/πw, where w is the full width at half maximum (FWHM) of the resonance peak at a certain RF power. 25 For HH states it has been predicted that the direction of the applied magnetic field has a strong influence on the dephasing times. 26 Indeed, optical measurements of hole spins confined in GaAs self-assembled QDs have shown very long dephasing times. 27 In order to obtain such longer dephasing times, the external magnetic field needs to be aligned perpendicular to the direction of the Overhauser field, which for HH states is perpendicular to the growth plane. 26 By repeating the EDSR measurement for an in-plane magnetic field and a RF power of -14 dBm, we obtain a 68 ns dephasing time (see Supplementary Information) .
In order to demonstrate coherent control over the hole spin state, periodic square pulses are In conclusion, by using PSB in a DQD device we have demonstrated the first Ge hole spin qubit with Rabi frequencies reaching 140 MHz. Despite the strong spin orbit coupling, the obtained T * 2 is higher than that of holes 7 confined in QDs formed in natural Si and less than one order of magnitude lower than that of electrons. 25 The reported result paves the way towards long-range two qubit-gates.
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